Background: Adalimumab is administered via a pre-filled syringe or spring-loaded pen. In a previous study in Crohn's disease, higher drug levels were observed in syringe users. The aim of this study was to evaluate the impact of delivery device on adalimumab drug levels in patients with Crohn's disease. Methods: Consecutive Crohn's disease patients treated with maintenance adalimumab [40 mg fortnightly] were recruited from five centres. The first recorded drug level with matched clinical and biochemical markers of disease activity was compared between pen and syringe users. Results: Of 218 patients, 64% used pen, with a median faecal calprotectin 110 μg/g and serum C-reactive protein 4 mg/L. In comparison to pen, syringe users had higher albumin [39 vs 42 g/L; p = 0.016], lower Harvey-Bradshaw Index [2 vs 1; p = 0.017], and higher rates of concomitant immunomodulation [54% vs 71%; p = 0.014]. Drug levels were equivalent between pen and syringe users [median 5.3 vs 5.2 μg/ml; p = 0.584], even after controlling for disease activity and immunomodulation. Syringe users at Alfred Health had higher drug levels than pen [6.1 vs 4.5 μg/ ml; p = 0.039]; a greater proportion achieved therapeutic levels [75% vs 44%; p = 0.045]. A higher proportion of pen users from Saint-Étienne had therapeutic levels [79% vs 42%; p = 0.027], yet no significant difference in drug levels [7.9 vs 4.5 μg/ml; p = 0.119]. Conclusions: Delivery device does not appear to significantly affect adalimumab drug levels. Given differences between study sites, studies evaluating administration education and technique are warranted.
Introduction
Crohn's disease [CD] is a chronic, autoimmune inflammatory disorder predominantly affecting the gastrointestinal tract. 1 Adalimumab [ADA] and infliximab [IFX] , monoclonal antibodies directed against tumour necrosis factor [TNF], are effective for both induction and maintenance of remission in CD. [2] [3] [4] [5] The choice between ADA and IFX may be influenced by physician and patient preferences such as perceived issues with adherence, ease of use, dosing interval, and impact on lifestyle and work-related productivity. 6 The majority of patients with luminal CD appear to prefer self-administered subcutaneous injections rather than intravenous infusions. 6 ADA, therefore, is a popular choice among adults with CD.
Despite the efficacy of ADA, approximately 20-40% of patients with luminal CD fail to respond to induction, and a further 15% to 54% of patients subsequently lose response by 12 months, depending on the definition. 2, 7, 8 Understanding the mechanisms that drive primary and secondary loss of response to ADA, and subsequent identification of strategies to optimise therapy, are important. Measuring drug levels and anti-drug antibodies with therapeutic drug monitoring [TDM] may be useful in this setting and is now often integrated into routine clinical practice. A clear exposure-response relationship has been demonstrated between IFX drug levels and disease outcomes, but the data are less consistent for ADA. The majority of the literature demonstrates an ADA exposure-response relationship, 2, [9] [10] [11] yet some studies report a less robust association. 12, 13 The reason for this discordance is unclear. In comparison to an intravenous infusion, the subcutaneous route may introduce variation in ADA absorption due to patient-specific factors, including injection technique, immune recognition at the skin, or the type of delivery device. ADA is administered via a pre-filled syringe or a spring-loaded automatic pen. Industry-funded preliminary data of healthy volunteers appear to show no overall difference in the bioavailability of both ADA and a biosimilar between delivery devices. [14] [15] [16] In contrast, in an intensive pharmacokinetic study of ADA in CD, we found that the mode of delivery contributed to serum drug level variance. Syringe compared with pen use was predictive of higher trough drug level on both multiple regression and univariate linear regression, although numbers were very small. 17 However, whether there is bioequivalence in ADA drug levels between pen and syringe devices has not yet been explored in a dedicated study in patients with IBD.
The aim of this study was to explore the relationship between choice of delivery device and ADA drug level in patients with CD, using a dedicated multicentre cohort analysis.
Materials and Methods

Patients
Adult patients with luminal CD established on maintenance ADA [defined as >14 weeks of treatment at a dose of 40 mg fortnightly] from the outpatient clinics of Alfred Health, Monash Health, St Vincent's Hospital and Liverpool Hospital in Australia, and Centre Hospitalier Universitaire [CHU] Saint-Étienne in France, were included. The diagnosis of CD was based on standard endoscopic, histopathological, and radiological criteria. 18 Consecutive patients with available serum drug levels, administering ADA using the same delivery device [pen or syringe] for at least 3 months, were included. Patients with isolated perianal disease, or those receiving past or current dose-intensified ADA, were excluded. Four of five sites educate patients in subcutaneous abdominal injections only. Liverpool Hospital educates a minority of patients who do not tolerate abdominal injections to administer ADA into the thigh. All Australian sites as well as Saint-Étienne before 2017 used a citrate-containing formulation of ADA.
Design
Data were collected retrospectively from the electronic medical record at participating centres. Outcomes were assessed in two scenarios. Results of TDM [drug levels and, where detected, anti-drug antibody titres] according to delivery device were recorded and compared with disease activity. Disease activity was assessed clinically using the Harvey-Bradshaw Index [HBI], 19 biochemically using C-reactive protein [CRP] and, as a surrogate of mucosal inflammation, faecal calprotectin [FCP], all recorded within 3 months of TDM. ADA drug levels >4.9 μg/ml were considered therapeutic, as previously reported. 10, 20 Active disease was defined as HBI >4, CRP >5 mg/L or FCP >150 μg/g. 21, 22 The indication for TDM was recorded as one of four possibilities: suspected loss of response, routine [proactive], suspected adverse anti-TNF effects, or other [not specified]. Delivery device status was retrieved from prescriptions and cross-checked against medical records. Second, we analysed a subgroup of patients drawn from all four Australian centres with sub-therapeutic drug levels, who were subsequently escalated to weekly ADA 40 mg due to secondary loss of response. These patients were followed for 12 months to compare the rate of treatment failure between pen and syringe delivery device, defined as switching within class [to an alternative anti-TNF agent], switching out of class, or requiring oral corticosteroids, IBD-related surgery, or IBD-related hospitalisation. The study was approved by the institutional ethics review committees of participating centres or was deemed to meet the Australian National Health and Medical Research Council criteria for exemption.
Laboratory methods
All sites measured ADA drug levels at trough, using a drug-sensitive commercial sandwich enzyme-linked immunosorbent assay [ 
Statistical analyses
Categorical variables are presented as number and percentage, and quantitative data as mean with standard deviation [SD] or median with interquartile range [IQR], as specified. Inter-group comparisons were carried out using independent sample t test or Mann-Whitney U test, as appropriate. Multisite comparisons were carried out using one-way analysis of variance [ANOVA] with Tukey's correction, or Kruskal-Wallis with Dunn's correction. Categorical variables were evaluated using chi square or Fisher's exact test, where appropriate. We performed multiple regression with ADA level as the dependent variable, and binary logistic regression with patients dichotomised according to therapeutic or sub-therapeutic drug levels alongside independent patient and disease characteristic covariates, as specified. Multiple regression sought to determine the individual [expressed as β] and combined [expressed as R 2 ] contribution of delivery device, with a range of other independent covariates, to the overall variance in drug level. Binary logistic regression was used to determine the combined and individual [expressed as odds ratios] contribution to predicting therapeutic drug level. All reported p-values were two-sided, and p-values <0.05 were considered statistically significant. Statistical analysis was performed using IBM SPSS 22.0.0 [IBM, Somers, NY].
Results
Patient characteristics
The demographics and clinical information on the 218 patients [113 male, 52%] included in the analysis are shown in Table 1 . Patient characteristics across investigating sites are also presented.
Heterogeneity of the patients across the sites was observed for several covariates. Liverpool Hospital was characterised by a low usage of pen delivery and low rates of previous anti-TNF exposure. A greater proportion of patients at Alfred Health had a penetrating disease phenotype. Monash Health tended to have patients with greater disease activity [HBI and CRP] and lower albumin. At CHU Saint-Étienne, disease duration was shorter, body mass index [BMI] was lower, and there was a higher proportion of upper gastrointestinal [GI] disease, yet a smaller burden of perianal disease and minor FCP activity. In addition, the combination of immunomodulators with ADA was seldom used [4%] at CHU Saint-Étienne, in contrast to >50% at each Australian site [ Table 1 ]. Drug levels at CHU Saint-Étienne, measured using the LISA-TRACKER Premium® assay [median 7.6, IQR 4.2-10.3 μg/ml], were higher than those measured FCP and CRP thresholds, respectively. Significant differences in the proportion of pen users were observed across sites. In comparison with pen users, syringe users had higher rates of smoking [21% vs 9%; p = 0.012, respectively], a higher albumin [39 vs 42 g/L; p = 0.016], lower HBI [2 vs 1; p = 0.017], and higher rates of concomitant immunomodulation [54% vs 71%; p = 0.014]. There were no significant differences in FCP or CRP across the groups. Further, disease duration, location, phenotype, and rates of previous anti-TNF exposure were similar between pen and syringe users [ Table 2 ]. Regarding indication for TDM, 49% of drug levels were ordered proactively as part of routine care, 47% due to suspected loss of response, 2% for suspected adverse effects, and 2% other [not specified]. There was no difference in proportion of TDM requested proactively or due to suspected loss of response between pen and syringe users [45% vs 55%; p = 0.204 and 51% vs 40%; p = 0.155, respectively].
ADA drug levels according to delivery device
Pen delivery device was used in 64% of the cohort. Serum concentrations of ADA were equal between pen and syringe users [median 5.3 vs 5.2 μg/ml; p = 0.584, Figure 1a ]. Drug levels did not significantly differ between pen and syringe users when dividing the cohort according to active vs inactive disease [using HBI, CRP, and FCP thresholds] or the use of concomitant immunomodulation, as illustrated in Figure 3 . Given the differences in patient and disease demographics at CHU Saint-Étienne, a subgroup analysis of drug levels between pen and syringe delivery device was also performed across Australian sites only [median 4.5 vs 5.3 μg/ml; p = 0.066, respectively; Figure 2a ]. We addressed any potential contribution from assay variability to the differences in drug levels by analysing the 149 samples measured by the Shikari® Q-ADA ELISA kit. The single assay analysis demonstrated no difference in drug levels between pen and syringe delivery [median 4.5 vs 4.7 μg/ml, p = 0.491, respectively; Figure 2b] .
A total of 15/46 patients at CHU Saint-Étienne had drug level testing whilst using reduced volume, citrate-free ADA. The proportion of patients using each delivery device between the citrate-free and the entire CHU Saint-Étienne cohort were equal [73% vs 74%, respectively; p >0.999]. Drug levels between the citrate-free and standard ADA formulation at CHU Saint-Étienne did not differ [median 7.6 vs 7.7, respectively; p = 0.660], and there was no difference Two regression models were applied. First, a multiple regression model for predicting ADA drug level as a continuous variable using delivery device, age, gender, BMI, previous anti-TNF exposure, smoking status, concomitant immunomodulation, CRP, and FCP as predictor variables, was constructed. This model accounted for 20% of the variance in drug levels (R 2 0.20, standard error [SE] 3.40; p = 0.034). Previous anti-TNF exposure was the only covariate independently associated with ADA drug level [β = -0.24; p = 0.025].
Second, patients were dichotomised according to subtherapeutic vs therapeutic drug levels, and binary logistic regression was performed. The full model, including the covariates of delivery device, age, gender, BMI, previous anti-TNF exposure, smoking status, concomitant immunomodulation, CRP, and FCP, explained 33% of drug level variance [p = 0.009]. In comparison with anti-TNF naïve patients, those with previous exposure to anti-TNF therapy had 5-fold greater odds of having sub-therapeutic drug levels (odds ratio [OR] 0.20, confidence interval [CI] 0.06-0.61; p = 0.005). Drug delivery device was not On subgroup analyses by centre, drug levels were significantly higher among syringe users compared with pen users at Alfred Health [median 6.1 vs 4.5 μg/ml; p = 0.039; Figure 1b ]. In addition, a greater proportion of syringe users had therapeutic drug levels [75% vs 44%; p = 0.045]. In contrast, a higher proportion of pen users from CHU Saint-Étienne had therapeutic ADA levels [79% vs 42%; p = 0.027], yet no significant difference in absolute drug levels was observed [median 7.9 vs 4.5; p = 0.119; Figure 1b ]. No differences in drug levels between delivery devices were seen at the remaining sites [ Figure 1b ].
Similar regression models were applied to data from individual sites. For the data from the Alfred Hospital, drug delivery device was independently associated with 9% of the variance in ADA drug level [β = 0.301; p = 0.024], and both drug delivery device and previous anti-TNF use were independently associated with drug levels when expressed as therapeutic vs sub-therapeutic [OR 0.041, CI 0.002-0.679; p = 0.026 and OR 14.23, CI 1.63-124.81; p = 0.016, respectively]. No predictive relationships were observed on analysis of data from any of the other sites.
Finally, 48/218 [22%] of patients had undetectable drug levels, permitting measurement of anti-drug antibodies using these drugsensitive assays. Of these, 22/218 [10%] were positive. Anti-drug antibodies were found in similar proportion between pen and syringe users [11% vs 9%; p >0.999].
Outcome following adalimumab dose escalation according to delivery device
Follow-up data were available at all Australian centres [172/218 patients, 62% of whom used pen]. Of these, 30 [19%] had secondary loss of response together with sub-therapeutic drug levels, and were escalated to weekly ADA 40 mg dosing. After 12 months of follow-up, a similar proportion of pen and syringe users failed dose escalation (10/20 [50%] vs 6/10 [60%]; p = 0.709, respectively). Time to failure was no different according to pen or syringe delivery device [median 169 vs 201 days; p = 0.836, respectively].
Discussion
A recent study of factors that influence drug levels in patients on adalimumab therapy unexpectedly suggested that the mode of delivery-whether by syringe or by pen-influenced the serum concentrations of the drug. 17 If that were the case, it raises serious concerns about the choice of mode of delivery. This observation prompted the current retrospective multicentre study in patients with Crohn's disease treated with ADA. There were several important findings. First, no significant differences were found in drug levels between pen and syringe users overall. Second, drug levels did not differ between devices after controlling for clinical and biochemical makers of disease activity, the use of concomitant immunomodulators, and previous anti-TNF exposure. Third, site-specific differences in absolute and relative drug levels between pen and syringe users were observed. Finally, there was no difference between delivery devices in the frequency of drug failure over a 12-month follow-up of a small cohort of patients who received dose-intensified ADA.
ADA is commonly prescribed for the induction and maintenance of remission in luminal CD. The early success following initiation of ADA therapy is limited by the rate of secondary loss of response. Although the definition varies, secondary loss of response is observed in patients whom initially experience improvements in clinical scoring indices but later suffer from clinical relapse during maintenance therapy. 8 Strategies to optimise ADA therapy and prevent drug failure are of great clinical and economic interest, given the relative paucity of alternative, efficacious biological agents for the management of CD and the high cost of these therapies. Simple approaches such as informed recommendations regarding mode of delivery are attractive techniques that require further exploration.
Intuitively, inconsistencies with patient factors such as administration technique and depth of injection might lead to variability in drug bioavailability. The finding that syringe delivery was associated with higher trough drug levels in the previous study 17 were of even more relevance, given that four of five sites in the current study have at least 74% of subjects preferring pen delivery. Reassuringly, the present multicentre analysis found no difference in drug levels between the devices on direct group comparison. Furthermore, after employing the same statistical techniques used in our earlier study, delivery device was not predictive of ADA drug level across all sites. As previously demonstrated, previous anti-TNF exposure had a modest inverse association with both absolute and therapeutic drug levels. 24 Whereas drug levels were equivalent between the two groups, syringe users had a milder disease activity clinically, as measured by the HBI, and a higher proportion of smokers compared with pen users. However, the significance of this is uncertain given that HBI correlates poorly with both biomarker and endoscopic disease activity, and no significant differences in FCP were found in our cohort between devices. [25] [26] [27] [28] [29] In addition, despite a deleterious effect on disease activity, the relationship between cigarette smoking and anti-TNF drug levels is unclear. 13, 30, 31 Of note, syringe users were found to have higher concentrations of albumin and a greater proportion of concomitant immunomodulation-two factors associated with better disease control and favourable anti-TNF pharmacokinetics. 32, 33 We performed follow-up in a cohort of 30 patients who were intensified to weekly ADA, on the basis of secondary loss of response and sub-therapeutic ADA drug levels, to see if there was a difference in rates of response according to delivery device. No difference was found in outcomes between these two groups. In addition to absolute drug level comparison, evaluating clinical outcomes between delivery device is important given the inconsistent relationship between ADA drug level and disease activity previously described. 12, 13 Of interest, subgroup analysis by centre revealed site-specific differences in drug level between delivery devices. Syringe users at Alfred Health had both significantly higher serum drug levels and a higher proportion of patients in the therapeutic range. After controlling for age, gender, and BMI, delivery device accounted for 9% of the variance in drug level at this site. Such findings were not observed at other participating sites. In fact, a higher proportion of pen compared with syringe users at CHU Saint-Étienne achieved therapeutic ADA levels. The reason for these discordant results is unclear. Comparing these two sites, patients from Alfred Health had higher P e n s S y r i n g e s P e n s S y r i n g e s P e n s S y r i n g e s P e n s S y r i n g e s P e n s S y r i n g e s P e n s S y r i n g e s P e n s S y r i n g e s P e n s S y r i n g e s BMI, significantly longer disease duration, higher FCP, and a greater proportion of penetrating and perianal disease, than those at CHU Saint-Étienne. Disease duration and activity may affect drug levels, but such factors were similar between pen and syringe users at both sites and therefore are unlikely to account for the observed findings. One unexplored potential explanation for drug level variance between delivery devices is patient administration technique. At CHU Saint-Étienne, only patients delivering ADA via pen underwent formal administration education by IBD nurses. Evaluation of self-administration technique has not been previously investigated in IBD patients. Data from the diabetes literature indicate a clear relationship between insulin administration technique and drug efficacy. Numerous studies have demonstrated that insulin administration education, evaluation, and re-training influence glycaemic control. 34, 35 Accordingly, we hypothesise that the site-specific differences in observed drug levels between pen and syringe users at Alfred Health and CHU Saint-Étienne may relate to differences in administration technique. Both pen and syringe delivery have shared and individual weaknesses, such as tissue micro-aspiration and obstruction of flow, altered angle and depth of administration, insufficient duration in the subcutaneous compartment leading to drug retention within the delivery device, and peripheral leakage. 36, 37 Although injection site pain may impact on successful administration, and despite reports of improved tolerability, 38 we did not find any significant impact of citrate-free ADA on drug level, although numbers were small. Site variance in ADA drug level may arise due to the lack of guiding international recommendations for correct administration, education, and assessment, similar to those observed in the diabetes literature. 36 The current study has several limitations. First, the inability to prove causality and the longitudinal effect of delivery device on drug levels is inherent in any cross-sectional study design. Larger, prospective controlled trials, that incorporate supervised administration with random allocation to either pen or syringe delivery, would be useful to confirm bioequivalence. Despite a study size of 218 patients, a larger population with a greater spectrum of disease activity and a higher number of syringe users would allow for more generalisable findings. Furthermore, serial trough drug levels in each patient would allow for greater confidence in approximating steady state. Second, variance in drug level assays between sites may limit the ability to analyse the entire cohort without adjustment. However, a high correlation between two ADA ELISA kits has been previously demonstrated, 39 and data presented in abstract form show excellent agreement between all three ELISA assays used in the current study. 40 To further address the possibility of between-site differences in drug levels, we observed no difference in levels between devices in the 149 patients tested using the same Shikari® Q-ADA ELISA assay [ Figure 2b ].
Third, missing biomarker and assessment of clinical disease activity data across sites may have influenced the strength of associations with drug level found on regression analysis. This was partly addressed by subgroup comparisons according to surrogates of disease activity [ Figure 3 ]. Including biomarkers up to 45 days either side of TDM was necessary to capture sufficient data in a retrospective analysis, but may limit accuracy of estimates of disease activity.
Fourth, we were unable to identify and control for patient adherence between the two devices, rates of spillage, the identity of the administrator [patient or proxy], and the site of administration-all important considerations for future studies. While we did not record site of administration, only one centre offered education in thigh injections. Given this, we expect the number of patients injecting into the thigh to be small and the impact negligible. In addition, studies have not demonstrated a difference in drug level after a single dose of both ADA and a biosimilar into the thigh and abdomen in healthy volunteers. 14, 16 Fifth, all sites instruct patients to undergo TDM the day before ADA administration, but the exact proximity to trough was only recorded at Liverpool Hospital and CHU Saint-Étienne. Although trough confirmation would be useful for standardisation, ADA TDM earlier in the cycle approximates trough levels. 17, 41 Furthermore, we do not expect timing of TDM to differ significantly between delivery device, and as such any impact on drug level comparison between pen and syringe is likely to be negligible.
Finally, the primary outcome of interest in our study was ADA drug level-a factor with inconsistent associations with disease activity. However, consistent with bioequivalence at standard maintenance dosing, our limited 12-month follow-up data demonstrated no temporal difference in the effect of delivery device on disease outcomes after dose intensification. Given numbers were small, this result should be interpreted with caution and requires confirmation in larger, prospective studies with a longer period of follow-up.
In summary, this is the first study to demonstrate equal ADA serum drug levels between pen and syringe delivery in a cohort of patients with CD, after controlling for a range of potentially confounding variables. The significance of the heterogeneity in drug levels across the sites is uncertain, but may reflect discordance in administration technique and highlight an unmet need for investigation of education, evaluation, and re-training in self-administered subcutaneous biologics. non-financial support from Shire, personal fees and non-financial support from Takeda, non-financial support from Ferring, all outside the submitted work.
